Abstract-In this paper, the tunneling phenomenon occurring at the interface with great impedance contrast is investigated by numerical calculation. It is found even in this case, perfect transmission can still be achieved theoretically when nonconjugated sub-wavelength epsilonnegative (ENG) and mu-negative (MNG) metamaterial pair is introduced. Moreover, the calculated electromagnetic field distributions show that, only one component of the tunneling mode (either the electric or the magnetic field) is amplified, suppressing another one at the same time. Therefore, the nonconjugated ENG-MNG pair is promising to be applied in modern optic and microwave communication systems for less reflection, compact device volume and flexible control of EM field distribution.
INTRODUCTION
As is known, reflection is a common and inevitable optical phenomenon for interfaces with notable impedance contrast. To enhance the transmission, many methods are introduced. For instance, in optics, quarter-wavelength antireflective coatings are widely used to reduce the reflection of optical devices [1] [2] [3] . In order to achieving perfect transmission efficiency, multiple antireflective layers should be involved. Therefore, the length of these layers will be very long, which greatly restricts the possibility to design compact optical communication devices with high transmission efficiency. Metamaterials [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , which have attracted wide interests recently, may be a solid candidate to solve this problem. Metamaterials include double negative (DNG) materials (both the permittivity and the permeability are negative) and single negative (SNG) materials (only one of the permittivity or the permeability is negative). In SNG materials, the EM waves are evanescent since their wave vectors are complex. In particular, a tunneling scenario will emerge when a pair of lossless ENG and MNG slabs is conjugated matched between two similar half spaces.
In this paper, we investigate the tunneling phenomenon occurring at the interface between two different materials with great impedance contrast by numerical calculation. It is shown that, when a nonconjugated sub-wavelength epsilon-negative (ENG) and mu-negative (MNG) metamaterial pair is introduced between two different materials with great impedance contrast, perfect transmission can still be achieved theoretically. The tunneling condition of the nonconjugated ENG-MNG pair in above case is also figured out. Moreover, the calculated electromagnetic field distributions show clearly that, by choosing proper parameters we can even amplify only one component of the tunneling mode (either the electric or the magnetic field), suppressing another one at the same time. Therefore, the nonconjugated ENG-MNG pair is promising to be applied in modern optic and microwave communication systems for less reflection, compact device volume and flexible control of EM field distribution.
SECTION 1
First, we investigate the tunneling phenomenon in a ENG-MNG pair sandwiched between two different semi-infinite regions by means of the transfer-matrix method [17] . Let EM waves be normally incident from the left region to the ENG-MNG pair, as shown in Fig. 1 .
Admittance of the left region, ENG, MNG and the right region are η o , η A , η B and η g respectively. (Here, η o , η A , η B and η g are real numbers. in other words, in the calculation, the admittance of ENG and MNG are −iη A , iη B , i 2 = 1) when EM waves normally incident from the left region with η o , through the ENG-MNG pair, and finally into the right region with η g , Given all materials discussed here is lossless, zero reflection phenomena will occur under the conditions as follows: |R| = 0 (2) where T is the transmittance, R is the reflectance and t is the transmission coefficient. Assuming δ A = δ B , (δ A and δ B are the phase shift of ENG and MNG respectively) the following expression can be concluded from Equations (1) and (2):
is an obvious solution satisfying Equation (3). It should be noticed that this is exactly the matching condition used generally to describe the tunneling phenomenon occurring in the conjugated ENG-MNG pair surrounded by same environment materials.
(2) When a nonconjugated ENG-MNG pair is placed between two different environment materials (η A = η B , η g = η 0 ), another matching condition can be deduced from Equation (3), which is η 0 η g = η A η B (4). This condition implies that, with properly designed nonconjugated ENG-MNG pair the reflection at the interface between two different materials can even be reduced to zero, no matter how great the impedances of these materials contrast. It must be mentioned that, the zero reflection frequency is obviously independent of the scaling of the introduced ENG-MNG pair. Therefore, this matching condition provides us a new approach to reduce the reflection at interfaces, keeping the device volume much compact at the same time.
To verify the matching condition mentioned above, we use Drude mode to describe the isotropic single-negative materials, given as: − → E along the y direction. The treatment for the transverse magnetic wave is similar. Observing the calculated results of the structure shown in Fig. 1 , it is clear that, in the first group, at frequency f 0 = 0.581 GHz the transmittance can be increased to 1, as shown in Fig. 2(a) . Using the second group, we can get perfect transmittance at frequency f 0 = 0.948 GHz, as shown in Fig. 2(b) . The electromagnetic field distribution in the ENG-MNG pairs is also studied. By means of the transfer-matrix method, we can figure out the electromagnetic fields of the tunneling modes at 0.581 GHz and 0.948 respectively, as shown in Fig. 3 .
It is clear that, similar to the case in which the ENG-MNG slabs is surrounded by same materials, the electric and the magnetic field of tunneling mode are also localized at the interface of MNG-ENG slabs. However, as shown in Fig. 3(a) , when the surrounding materials are different, only magnetic field is amplified, with electric field suppressed simultaneously. The electric field can be much higher than the magnetic field depending on the impedance contrast of surrounding materials. In Fig. 3(a) , the admittance of the right environment is 25 times greater than the left environment, leading to the amplification of magnetic field. While in Fig. 3(b) , the admittances of surrounding materials are exchanged compared with the case in Fig. 3(a) , it is find only the electric field can be amplified. In a word, in nonconjugated ENG-MNG slabs surrounded by different materials, only one component of the tunneling mode (either the electric or the magnetic field) can be amplified, suppressing another one at the same time. The distribution of the electric field and the magnetic field at 0.948 GHz, the electric field can be amplied.
CONCLUSIONS
The tunneling phenomenon at interfaces with single negative metamaterial insertions is investigated by numerical simulation. It is found that although the impedance contrasts greatly at the interface, tunneling phenomenon will still emerge when insertions consisting of nonconjugated epsilonnegative/mu-negative metamaterial pair are introduced. The electromagnetic field distribution of the tunneling modes shows that only one component of the tunneling mode (either the electric or the magnetic field) can be amplified, suppressing another one at the same time. Therefore, these properties make the nonconjugated epsilon-negative/mu-negative metamaterial pair promising to be applied in the modern optic and microwave communication systems for less reflection and more compact device volume flexible control of EM field distribution.
